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AB.TTRACT 


Th®  potantial  ax  zero  oharg®  for  ar.  Ideal  polarizad  alactrcd®,  aa 
measured  with  roapeot  to  some  reference  elec-trode,  varies  linearly  with  the 
work  function  of  the  metalf  while  this  potential  for  a reveraible  electrode- 
ia  indopendwit  of  the  nature  of  the  electrode.  Thifs  observation  ia  verified 
experiiaentally  for  Ag*  Cdp  Cu,  0a»  Hg»  Nip  Pbp  Ptp  and  T1  in  the  case  of  ideal 
polarized  electrodes  and  for  Ag,  AUp  Bip  CUp  Hgp  and  Pt  for  reversible  elec- 
trodes. It  la  shown  that  the  difference  between  the  Volta  potentials  from 
electrode  to  solution  for  an  ideal  polarized  electrode  at  zero  charge  ia 
approximately  -O.JJ  volt,  and  that  the  difference  between  the  Galvani  poten- 
tials ia  equal  to  the  surface  potential  of  the  electrode.  The  difference  of 
Volta  potentials  for  a reversible  electrode  at  zero  charge  varies  linearly 
with  the  eleotronic  work  function  of  the  metal. 


INTRODUCTIMI 

The  potwitial  at  which  the  charge  at  the  interface  electrode  - solution 
is  equal  to  zero  can  bo  determined  exporimantally  for  conditions  under  which 
electron  transfer  across  the  interface  is  either  possible  or  virtually  impos- 
sible. Determinations  in  which  electron  transfer  is  possible  are  carried  out 
with  a reversible  electrode.  Measurements  for  which  electron  t^'ansfer  ia  vir- 
tually  impossible  are  made  with  what  Grahame  * has  called  an  “ideal  polarized 
slectrode”.  A mercury  electrode  in  an  electrolyte  to  which  no  mercurout,  ions 

^ Postdoctoral  fellow 

^ D.G.  Grahame  and  R.B.  Nhitney,  J.  Ohem.  Gcc.p  64,  l^AS  (1942). 

^ D.C.  Orahanop  Cham.  Revs.,  41,  (1947). 


or  other  reuucibie  or  oxidi  Aafci » cuhatan:.©  a;  3 added  ber.av.oe  ,i»iio3i  as  an 
ideal  polariaod  olootrodo^.  !^»tontiB?i.3  at  zero  onar^es,  as  neasurod  against 
aomo  roforwico  olectrodoj  may  be  very  diffarent  (as  mucd  aa  one  volt)  accord- 
ing to  whothor  one  or  the  other  method  is  applied.  The  reaer^n  for  thia  dif- 

4 5 

ference  was  the  object  of  a coniroverey  between  Billitar  and  Palmaer  » but 
the  argument  was  never  settled.  The  fundamental  difference  between  the  two 
types  of  measurement  is  discussed  quantitatively  in  this  paper. 

The  relationship  between  potential  at  zero  charge  and  work  function  of 
the  metal  has  already  been  discussed  by  several  authors.  Veselovsky^  pointed 
out  that  the  difference  between  the  zero  charge  potentials  for  silver  and 
mercury  electrodes  is  virtually  equl  to  the  difference  between  the  work  func“ 

XT 

tions  of  these  metals.  According  to  GrBh8me''9  Prumkin  expressed  similar 

Q 

ideas  more  than  twenty  years  ago.  Vasenin  recently  pointed  out  that  a plot 
of  potaitial  at  zero  charge  (measured  with  respect  to  some  refer  once  electrode), 
against  work  function  for  various  metals  has  a slope  smaller  than  unity.  This 
result  Was  accounted  for  by  the  action  of  multipoles  of  the  solvent  at  the 
interface  electrode^aolution.  As  far  as  we  know  no  distincticn  between  data 
obtained  with  ideal  pola.rized  and  roversitlo  electrodes  is  made  by  these 
Russicjn  authors. 

In  the  follovfing  discussion  we  shall  use  the  Galvanic  Volta,  and  surface 

^ J,  Billiter,  Zo  Elektrocheffl.,  658  (1902)?  Z.  physik.  Ch«no,  I66  (I905). 
5 W.  Palmaer,  Z.  Elektrochem, , 9,  7^  (1905)|  Z.  physik.  Cnem. , 129  (1907), 

^ V.J,  Veselovsky,  Acta  Physi cochicio  UcR.'*.'?.,  81^  (19?9). 

^ A.N.  Prumkin,  Colloid  :;ymi.iosium  Annual,  7,  89  (1950). 

RoMo  Vasenin,  Zhur.  Fiz.  Khim.,  27,  678  (1955). 
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potantials  Introducad  by  Lango"^  Tha  dsfinlticn  of  th«GS  potontiala  will 

b«  briafly  raoallad.  Tho  Galvani  or  irinar  potontiaio  s of  a phaea  is 

dafined  as  tha  alactrical  work  Invoivad  in  bringing  a unit  positiva  charga 

from  infinity  into  the  phase.  Tha  Volta  or  outer  pot«aatial(,  vj/  , of  a phase 

la  defined  as  the  work  required  to  bring  a unit  positive  charge  from  infinity 

to  a point  juat  outside  the  phase  whore  the  influence  of  the  imago  forces  ia 

•~k 

negligible,  i.o.  pt  about  10  cm.  from  the  surface  of  the  phase  in  a state 
equivalant  to  the  Sihottky  state  . The  moaning  of  the  expression  "just  outside 
the  phase"  is  discusaed  by  Adam'^''.  The  surface  potontialji  TC  f **  phase  ia 
defined  by  the  electrical  work  involved  in  transferring  a unit  positive  charge 
from  a point  just  outside  the  phase  into  the  phase.  The  difference  between 
the  Volta  potentials  of  two  phases  is  a well*-definod  and  measurable  quantity, 
while  the  corresponding  difference  of  Galvani  potentials  cannot  bo  moaeurod 
and,  according  to  Guggonhoim^^,  cannot  oven  bo  defined.  Strehlow^^,  although 
he  recognizes  that  differences  of  Galvani  potentials  cannot  bo  measured,  adepts 
the  leas  extreme  and  more  fruitful  approach  that  such  differences  of  potential 

Q 

E«  Lange,  jisndbuch  der  Experimentalphy sik.  Vol.l2,  Pto2,  Akad«nische 
Verlagageaellachaft,  Leipzig,  19^5,  267  ff. 

0.  Klein  and  E.  L(ingo,  Z.  Elektrochom.,  f570  (1957)» 

E.  Lange,  ibid.,  5^,  7C  (1951)3  2^,  94  (1952). 

W.  Schottky  and  Rot he,  Handbuch  der  Exoerinentalphy sik,  Volol2,  Pt  2, 
Akadomisohe  Verlagsgesellschaft,  Leipzig,  1928,  145 

N.K.  Adam,  The  PhvaicB  ar.'d  Ch«iiatrv  of  :^rfBQeso  ^rd  Ed.,  Oxford  Univer- 
sity Prose,  London,  1941,  p.505. 

E.A.  Guggenheim,  J.  Phys.  Chem.,  842  (1929);  ^4,  1758  (1950). 

^5  H.  iStrehlowp  Z.  Eiekt roohom. , 56,  119  (1952). 
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could  in  princip'is  b(»  ws-lculatad. 

Tha  above  potantlala  are  related 


by  the  equation 


9-11 


f = r 


+ X 


The  Ooia.fo  across  a complete  electro  chemical 
Gralvani  or  Volta  potentials  as  indicated  in  Pigolp 


or  y/  . 


(1) 

cell  can  bo  computed  from 
where  V roprosonts  either 


IDEAL  POLARIZED  SLECTRODJS 

Consider  the  coll  of  Fig*l  and  assume  ;hat  metal  I - solution  II  is 

an  ideal  polarized  eleotrode.  The  phases  III  and  IV  form  a normal  calomel 

oloctrodoj  which  is  connected  to  metal  lo  The  o.mofo  of  the  coll  is  the  sum 

of  the  difforoncoa  of  the  Qalvani  or  Volta  potontialso  The  Oomofo  is  positive 

when  the  electrode  I on  the  ’eft  is  positive  with  respect  to  the  electrode  I 

on  the  righto  The  difference  of  potential  for  the  interface  I“II  depends  on 

the  adsorption  of  ions  and  on  the  orientation  of  multipoles  of  the  solvent 

(water)  in  IIo  The  charge  at  the  interface  can  be  changed  by  applying  a 

voltage  to  the  cells  and  the  Oomof#  corresponding  to  zero  charge  at  the  inter- 

face  I-II  Can  be  determined  by  several  methods  described  in  Butler’s  review  o 

X/ 

For  examples  the  eomof.  of  the  cell  of  Figols  when  metal  is  morcurys  is  in  the 
immediate  vicinity  of  -0o50  volt  in  the  abswice  of  an  electrocapillary  active 
species  in  solution  • 

If  metal  I is  changeds  it  is  observed  that  the  eomof<  of  the  cell  cor- 
responding to  zero  charge  varies.  A plot  of  experinwital  values  of  the  e.m.f. 

JoAoV,  Butler  in  Electrical  Phenomena  at  InterfaceSg  J.A.Vo  Butler  Ed., 


Methuen,  London,  i95l!'  PI 
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1*^  Xo 

of  tho  call  Hgainsx  tha  work  fiai^tion  of  metfil  I is  ehcwr.  in  P^g.i, 

A fow  exporimental  pctantials  at  zoro  chaiga  sro  net  plottod  in  Figo2  bocauao 
of  tho  unnortaint/  on  tho  corrospending  work  fxinctionao  Thusp  data  for 
zinc  (-0.65  volt)  and  tolluriujn  (•<-0^61  volt)  aro  not  ahowno  Data  for  plati- 
num -ro  uncortaiHs,  and  tho  potontiaX  at  zoro  chargOj,  0.28  voltp  inetoad  of 
tho  valuo  +0.42  volt  plottod  in  Fig.2p  ie  quotod  bjr  Butior^^o  Tho  vnluo  of 
tho  work  function  of  platinum  isp  at  any  ratOp  rathor  imcortain^^.  Tho  points 
(solid  oiroloa)  of  Fig.l  cluator  along  a lino  having  a slopo  of  ono.  If  ono 
accopta  this  vaiuo  of  tho  slopOp  tho  difforonoo  of  Volta  potontiala  for  an 
idoal  polarizod  oioctrodo  is  constanto  Tho  argunont  is  as  fcllowa. 

Tho  difforonco  of  Volta  potwitiala  in  tho  oxprossion  of  tho 

o.m.f.  of  tho  coll  of  Fig.l  varios  as  tho  notai  ia  changod.  In  view  of  tho 


Work  function  valuos  from  Handbook  of  Chamistry  and  Phyaiesp  C,D«  Hodgman 
Ed.,  Choaical  Rubbor  Publishing  Co.,  Clovoland  Ohio,  1951,  pp  2126-2151. 

Ifl 

Petontials  at  zoro  ohargos  T.  Vosiovsky,  Acta  Physicochim. , U.R.S.S., 

11,  615,  (1959)  for  Ag,  J.  Billitor,  Z.  El okt ro chom. , 14,  624  (1908)  for 
Cuj  Eo  Murtaaaov  and  J.  Oorodotzkaja,  Acta  Physicochan. , U.R.SoS.,  4,  75 
(195^)  for  Oaj  D.O.  Grahono,  Chon.  Rovs.,  41,  441  (1947)  for  Hg?  R.  Par- 
Hons,  Zs  El okt rc chom.,  55,  115  (1951)  for  Ni"  T.J.  Borisova,  B.V.  Ershlor, 
and  A.  Frumkin,  J.  Phys.  Cham.,  U.S.S.R.,  925  (1948)  for  Pbj  J,  Bil- 

litor, Zo  Eloktrcchamo , 8,  658  (1902)  for  Pt?  A.  Frumkin,  J.  Ccilcid  Sci., 
^ 277  (1946),  and  T.  Borisova,  B.V.  Ershlor,  and  A.  Frumkin,  Zhur.  Fiz. 
Khlm.,  22,  925  (1948)  for  Tij  A.  Frumkin,  Vostnik  Moskov  Univ.,  7,»  No  9, 

57  (1952)  for  Cdc 

^ Q 

Soo  last  roforonco  in  footnoto  18. 

Soo  rof.l6,  p.4lo 
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dofinition  of  -chs  work  funCwior.s  ors  had''”'"'’ 

p - fx  = -(P  - 


21 


(2) 


whsra  tha  W’s  ar«  "tha  work  fun(5T.ione  axpraasad  in  voixe.  Tha  diffaranca 
batwaen  tha  work  fxuactions  acooi^ints  for  tha  axparimantal  variations  of  tha 
a»m,f,  at  zaro  charga  for  dlffarent  nataiSp  and  ccnsaquantly  tha  tarm 

in  tha  axprasaion  of  V (Pigol)  Is  indapendant  of  tha  natura  of 


matal  I.  In  othar  words  tha  diffaranca  of  Volta  potentials  at  zero  charge 

for  ideal  polarized  electrodes  is  constant  regardless  of  the  nature  of  the 

alactrodao  It  ahou.l noted  that  this  conclusion  was  reached  from  expari- 

liO'i 


mental  resultsp  and  was'daducad  from  a priori  considarations>  The  diffaranca 
of  Volta  potentials  at  zero  charga  can  be  evaluated  as  follows. 

Tha  difference  of  Voita  potentials  for  the  normal  calomel  electrode 


9 as  measured  by  Klein  and  Lange^^p  is  -*-0ttl7  volt.  Since  the 


a«mof«  for  tha  call  of  Fig.l  is  practically  *-0,50  whan  the  matal  I is  mar- 
curyp  tha  difference  of  Voita  potwitialsp  ^ ~ C ideal 

polarized  electrode  at  zero  charga  is  “OoJJ  volte  This  value  is  approximate 
since  the  datum  of  Klein  and  Lange  is  affected  by  the  errors  resulting  from 
experimental  difflcultiesa 

The  caloulaxlon  of  the  difference  of  Galvaiii  .otwixiais  would  require 

the  value  of  the  differwice  bexween  the  surface  potentials  of  phases  I and  II. 

The  surface  potential  for  aqueous  solutions  against  an  inert  gas  was  evaluated 

as  -O.Jo  volt  by  Streb^lov"^-^.  IX  is  essentially  independent  of  the  electro- 
15 

lyto*-^»  (no  jlectrocBpillary  acxive  substance  present)  at  least  for  noL 
too  concentrated  aoiutiensp  s&Yg  loss  than  Ooi  Mo  The  surface  pctontia.>. 


Po  Van  Rysselberghep 
op 

Ao  Prumkin,,  J.  Chofflo 


Jo  ChoEio  Physop  ^p  1550  (1955)0 
Physop  2i>  552  (1959)0 
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primarily  roaults  from  the  ori«ntoti<"  of  watar  multipolos  - mainly  dipo*oa  - 
with  thoir  poaitivo  polos  toward  tho  inort  gas.  On  tho  basis  cf  tho  valuo 
TCj  " “O.56  volt  ono  deducoa  from  (1)  tho  difforonoo  bstwoon  Galvani  poton- 
tials 


fl-  P = (fl  - (5) 

or,  in  view  of  tho  valuo  -0*55  volt  for  tho  differ onco  botwoon  tho  ^ 
(ooo  abovo)  at  zoro  char go. 


(P-  P) 


z.a. 


— o,  J3  0.3^  -t 


'Riis  shows  that  tho  difforonco  botwoon  Qalvani  potentials  for  an  idoal 
polarized  olootrodo  at  zoro  chargo  ia  virtually  oqual  to  tho  surface  potential 
of  tho  metal*  Again,  it  should  bo  omphaaizod  that  there  is  some  uncertainty 
on  tho  data  used  in  this  calculation* 

The  same  conclusion  can  bo  deduced  from  the  value  of  the  difference  of 

25 

Galveuii  potentials  of  0*455  volt  calculated  by  Latimer,  Pitzor,  and  Slansky 
for  tho  normal  calomel  electrode*  As  was  pointed  out  by  severs 
authors*^*  tho  surface  potential  of  mercury  must  bo  added  to 

the  Calculated  value  of  0,495  volt*  Thus 


(ff-  H.C.,  - 


(5) 


W.M*  Latimer,  K*S*  Pitzor,  and  C.M.  Slansky,  J,  Chao*  Phys, , 2,i> 

(1959). 

oJt 

W*C*  Burgers,  Chan.  Wookblad,  59,  No  I6-I7,  1 (1942). 

25  R,  Piontolli,  Int.  Committee  Slectrocham.  Therm*  Kin.o  Proc.  2nd  Mooting, 
Tamburini,  Milan,  195i»  pp. 544-569. 


6 


If  motal  I of  Fig.l  is  marcuryp  tha  a.ia.f.  of  the  colij)  which  is  the 
sum  of  the  Galvani  pot«itialsp  is  -O.5O  volt^.  Thus 

if  one  makes  the  justifiable  assumption  that  the  difference  of  Oalvani  po- 
tentials between  the  solutions  II  and  III  can  be  neglected  in  this  approxi- 
1 1 

mate  calculation'  o By  combining  (5)  and  (6)  one  obtains 

which  is  precisely  equation  (4)  ae  wiitten  for  the  particular  case  of  mercuryo 

RSVERSIBLS  ELECTRODSS 

Potentials  at  zero  charge  for  reversible  electrodes  have  been  measured 
by  Varying  the  ratio  of  the  activities  of  the  species  involved  in  the  revere- 
ible  electrode  until  zero  charge  is  obtained.  Experimental  results'^  are 
given  in  Fig.2,  which  shows  conclusively  that  the  potential  at  zero  charge 
is  indepwident  of  the  work  function  of  the  metal.  This  result  can  bo  explained 
by  considering  the  coll  of  Fig.l.  If  metal  I is  changed  the  difference  betwewi 
the  Volta  potentials  for  phases  IV  and  I varies  because  of  variation  of  the 
work  function  of  metal  I.  Howeverj  the  difference  between  the  Volta  potentials 


Experimental  data*  K.  Bennowitz  and  J.  .'^chulzp  S.  physik.  Chem.j,  124p 
115  (1926)  for  Ag  and  Cuj  K.  Bennewitz  a^^d  A.  Delijannisp  ibidop 
115  (1951)  for  Hg?  WoA.  Patrick  and  C.L.  littlor.  J.  Phys.  Cham.; 

1016  (1950)  for  Agp  AUp  and  Pt;  H.S.  Oel  and  H.  Strehlow,  Z.  physik. 
CheJn.  (Frankfurt;  N.F.  )i,  24l  (19!54)  for  Bi.  The  latter  authors  also 

confirmed  the  previous  results  for  Hgp  AUp  Ptp  and  Cu. 
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batwaan  1 and  II  is  changad  by  tha  aama  anicunt  as  for.  IV  and  1,  bacause 
alaotrona  ara  now  transfarrad  acrosa  tha  intarfaca  I-Il.  This  is  tha  aitua“ 
tion  ancountarad  in  tha  maaauramant  of  raduction  potantiala  with  an  inart 
alactroda*  Tha  a.m.f.  of  tha  call  la  than  ^ndapandant  of  tha  natura  of  tha 
inart  alactroda.  Ona  daduoas  from  tha  foragoing  considarstions  that  tha 
diffaranca  of  Voita  potentials  for  ravarsibla  alactrodaa  at  zero  charge 
Varies  linearly  with  the  electronic  work  function  of  the  metal* 

OONGLUSION 

Differ ancas  batwaan  axparinantal  potentials  at  zero  charge  as  obtained 
with  ravarsibla  and  ideal  polarized  alactrodaa  can  be  accounted  for  on  tha 
basis  of  considerations  baaed  on  Oalvani,  Voltsj,  and  surface  potantialso 
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